We demonstrate an ultra-compact, broadband on-chip nearinfrared (NIR) spectroscopy system based on a narrow-band plasmonic filter array. The entire filter array, consisting of 28 individual subwavelength metallic gratings, was monolithically integrated in a thin gold film on a quartz substrate, covering a 270 nm spectra from 1510 nm to 1780 nm. In order to achieve a high spectral resolution, extremely narrow slits are created for the gratings with a polymer waveguide layer on top, generating narrow-band guided-mode resonances through coupling with the surface-plasmon resonances of the metallic gratings. Experimental results show that the transmission bands of the filter array have full width at half-maximum of only 7 nm-13 nm, which is sufficient for NIR spectroscopy. The NIR absorption spectroscopy of xylene using the on-chip plasmonic filter array matches very well with the results from conventional Fourier transform infrared spectroscopy, which proves the great potential for NIR sensing applications.
Infrared (IR) absorption spectroscopy is widely accepted as a reliable technique for chemical and biological sensing. Since IR spectroscopy is based on detecting analytes' unique molecule vibration modes, it has the advantages of multiplexing and label-free sensing. These advantages make this technique more attractive than other optical techniques such as fluorescence or refractive index sensing [1, 2] . In past years, many miniaturized on-chip IR sensors have been reported [3] [4] [5] [6] [7] . However, many of them still rely on commercially available IR spectroscopy systems, such as Fourier transform infrared (FT-IR) spectroscopy [8] and tunable diode laser absorption spectroscopy (TDLAS) [9] , which are expensive and bulky desktop instruments. Due to the urgent need of field testing and on-site sensing, the demand for developing a portable, cost-effective IR spectroscopy system is continuously growing. Therefore, an on-chip IR spectrometer is highly desired. In past years, several on-chip spectroscopy methods have been reported, including arrayed waveguide grating (AWG) [10] [11] [12] , echelle diffraction grating (EDG) [13, 14] , superprism-based photonic crystal [15] , microresonator array [16] , and filter array based on FabryPerot (FP) cavities [17, 18] . However, these techniques suffer from the compromise between spectral resolution and operating bandwidth, which limits their practical applications. Besides, many of these on-chip spectrometers require sophisticated optical coupling methods, such as grating couplers [12] or lensed fibers, [14] to couple light into the submicron scale waveguides, or delicate Micro-electro-mechanical systems (MEMS) [17] to control the spectroscopy, which limits their use in field sensing.
Subwavelength grating nanostructures have attracted great attention due to their unique ability to manipulate light [19, 20] . A variety of optical devices have been reported using subwavelength gratings including polarizers, wide-band reflectors, narrow-band filters, and even optical modulators [21, 22] . Particularly, guided-mode resonance (GMR) filters, consisting of dielectric subwavelength gratings with a waveguide layer, can be designed to act as narrow-band reflection filters, which can achieve linewidths less than 1 nm and nearly 100% efficiency at the resonance wavelength [20] . The resonance peak can be simply tuned by shifting the grating period, offering the possibility to incorporate multiple GMR filters for spectroscopy. Liu et al. reported a new kind of discrete frequency IR (DF-IR) spectrometer working in the mid-infrared spectral region based on narrow-band reflection GMR filters [23] . However, such GMR filters require large grating areas to achieve the theoretical performance [24] , and complex optical setup to work at the reflection mode. On the other hand, ultra-compact subwavelength metallic grating structures, based on surface-plasmon resonances (SPRs), are often used as efficient transmission color filters [25] [26] [27] [28] . Compared with a reflection filter, a transmission band-pass filter requires a simpler setup, which is more suitable for compact spectroscopy systems. However, a simple plasmonic grating filter is not suitable for spectroscopy due to its relatively large transmission bandwidth. Recently, studies show that through combining GMRs and SPRs, metallic grating can also be used to design a narrow-band band-pass filter [29] with a waveguide layer.
In this Letter, we developed a new type of ultra-compact onchip spectrometer, which employs a narrow-band plasmonic grating band-pass filter array as a wavelength-selective component for IR spectroscopy, achieving a high spectral resolution around 10 nm and wide operating bandwidth over 270 nm in NIR wavelength range from 1510 nm to 1780 nm. The highefficiency narrow-band plasmonic filters were integrated onto a single chip with total size of only 1.5 mm 2 . By measuring the transmitted optical power of each filter under normal incident from a broadband light source, we extract the NIR spectral information of xylene, a volatile organic compound (VOC), which quantitatively matches the FT-IR measurement results.
The structure consists of a gold grating layer with an array of ultra-narrow slits on a quartz substrate, covered by a thin layer of UV-cured SU-8 photoresist, as represented in Fig. 1(a) . The refractive index of the SU-8 layer (n SU8 1.57) is greater than that of the quartz substrate (n subs 1.45), which makes the SU-8 thin film act as a waveguide layer in this structure. When a TM-polarized wave is incident on the structure, surface plasmon resonances (SPRs) are excited at the gold/SU-8 interface, and are coupled with narrow-band guided-mode resonances (GMRs) supported by the waveguide layer. The GMR, which is also called the leaky mode, induces a narrow transmission peak at the phase matching condition k ‖ β 2πm∕Λ, where k ‖ is the in-plane wavevector of the incident light and k ‖ 0 for normal incidence, β is the propagation constant of the guided mode, and m is the diffraction-order index. The parameters that can be modified based on design are the gold layer thickness d Au , the gold slit width w, the waveguide layer thickness d wg , and the grating period Λ. In our design, multiple filters are single-chip integrated. Therefore, d Au , w, and d wg are chosen to be the same value for all filters. The peak transmission wavelengths of each filter are tuned by Λ. Optimization of these parameters is performed by the DiffractMOD of RSoft photonic component design suite, which is based on rigorous coupled-wave analysis (RCWA). Although the optimized parameters for each filter aimed at different wavelengths may be different, a comprehensive consideration of the filter efficiency, spectral width, and side-band transmission for the entire wavelength range determines d Au 40 nm, w 120 nm, and d wg 1.35 μm. Filters with Λ ranging from 973 nm to 1157 nm provide bandwidth covering wavelengths from 1510 nm to 1780 nm. The calculated transmission spectrum of a 1.67 μm band-pass filter under normal incidence for a TMpolarized wave is presented in Fig. 2 , when Λ 1.089 μm. The filter efficiency approaches 81%, and full width at halfmaximum (FWHM) is 12 nm.
We must point out that beside the main peak generated by the plasmonic filter, there is a small side peak at shorter wavelength to the main peak, which is due to the Rayleigh anomaly [30, 31] . The existence of the side peak will affect the accuracy of the on-chip spectrometer. In this Letter, we developed a numerical method to suppress the side peak. Now let's consider the transmission spectrum of one filter, which can be expressed as f filter;i λ f sideband;i λ f ideal;i λ;
(1) in which f filter;i λ represents the spectrum of the ith filter with transmission peak at wavelength λ i and FWHM δλ i , i 1; 2; …28, f ideal;i λ represents the spectrum of an ideal filter with the same corresponding λ i and δλ i , while without the side band, and f sideband;i λ represents the difference of the spectra between an ideal and a real filter. Because our filter array covers the entire desired bandwidth, there are a series of corresponding ideal filters that cover the same bandwidth. Using these ideal filters as the basic elements, we can express our real filters as
in which A ij is the coefficient, i; j 1; 2; …28. Accordingly, given the spectra of our filter array, we can calculate the spectra of the idea filters
Integrating the spectra over wavelength, we get the relationship between measured transmitted power of filters and power of corresponding ideal filters
in which I filter;i and I ideal;i represent the measured transmitted power of the ith filter and the calibrated power of the corresponding ideal filter. In our approach, we use a simple algorithm to estimate the coefficient matrix A −1 . Assuming we know the spectra of the first i − 2 ideal filters, we can perform the following correction to the spectrum of the ith filter and estimate the spectrum of the ith ideal filter: 
The above equations mean that the side band intensity of the ith filter at the peak wavelength of the jth ideal filter λ j has been subtracted to zero. f j filter;i λ represents the corrected spectrum of the ith filter after subtracting the spectra of 1st to jth ideal filters. The spectrum of the nearest neighboring ideal filter is not included in the correction, because of large overlap in spectral bandwidth. Thus, the corrected spectrum f i−2 filter;i λ would be a good estimation of the ideal filter f ideal;i λ. Our first two filters can be treated as ideal filters, because their side bands are outside of our desired bandwidth and can be filtered out by a long pass filter. Then, based on the above method, we can suppress the side bands at shorter wavelengths to the main peaks of filters. Similarly, we can also improve the spectra at longer wavelengths, even though there is no side band at longer wavelengths. Finally, we get the estimated spectra of all ideal filters and coefficient matrix A −1 . The performance of our on-chip spectrometer is mainly determined by the characteristics of the main transmission peaks of the filters. Figure 3(a) plots the corrected transmission spectra of 28 filters. The influence of the side peak has been significantly suppressed. The filter efficiency ranges from 71% to 81%, and the FWHM varies from 7 nm to 13 nm. It is worth mentioning that we designed the filter array only targeting the first overtone of C-H stretch absorption band in the NIR wavelength range; however, our proposed on-chip spectrometer can apply to much wider bandwidth in NIR.
An on-chip plasmonic spectrometer has been fabricated. First, a Cr (3 nm)/Au (40 nm) film is deposited on the quartz substrate through thermal evaporation. The purpose of the Cr layer is to improve the adhesion of the Au film to the substrate. Next, 28 filters are patterned through focused-ion beam (FIB) lithography. The dimension of each filter is 100 μm × 100 μm, large enough to minimize the aperture diffraction effect [32] . The spacing between each filter is 150 μm, which is sufficiently far away to eliminate the coupling between adjacent filters, which gives rise to a footprint of the total filter array around 1.5 mm 2 , as is shown in Fig. 1(c) . In the real device, more filters are fabricated for backup. Finally, 1.35 μm SU-8 photoresist is spun on the sample, cured by UV light, and hard baked under 95°C for 30 min.
Then, the optical properties of the fabricated filter array are characterized. A super-K compact supercontinuum light source (NKT Photonics, Denmark) is used as a broadband input. The output light from the light source is collimated and normally incident onto the sample from the substrate side after passing through a 1500 nm long-pass filter. A glass wafer with an antireflection layer at 1.55 μm is bonded to the substrate by index matching fluid to eliminate the interference from reflection. The beam size of the incident light is about 3 mm, which can cover the entire area of the filter array. On the other side, the transmitted light is directly coupled into a multi-mode fiber (MMF) with core diameter of 50 μm. Then, the MMF is connected to a Fourier transform IR spectrometer (OSA203, Thorlabs) to measure the transmission spectrum. Because the power density of each plasmonic filter is very uniform, the whole system has quite a large tolerance to optical coupling. Figure 3(b) shows the experimental results of the filters after performing the side band suppression method as described before. The transmission spectra are normalized to the optical power coupled into the same MMF through a bare quartz substrate with the same thick SU-8 cover layer using the same setup. The measured spectra exhibit a good match with the simulation results except minor bumps at 1750-1800 nm wavelength, possibly due to nonideal functions of the anti-reflection layer. The FWHM of each filter ranges from 7 nm to 13 nm, corresponding to the relative bandwidth from 0.46% to 0.73%. The peak position is slightly shifted from −0.5-2.0 nm due to the fabrication imperfections. The peak intensity of different filters is quite uniform, measured from 34% to 48%. At longer wavelengths, the anti-reflection layer does not work perfectly; small bumps are observed possibly due to the weak FP effect of the glass substrate. The filters only permit the transmission of TM-polarized light wave, and reflect the TE polarized light just like a planar gold film. Because no polarizer is used in our setup and the transmitted light intensity is normalized to the nonpolarized incident light, the transmission is underestimated by a factor of 2, which means the efficiency of our fabricated filters is comparable to the simulation results. Figure 4 shows the IR image of a row of filters taken by an IR CCD camera (A6200SC, FLIR) with a 20 × objective lens, when different narrow-band light waves (1 nm) from a monochromator are normally incident onto our device. The central wavelength marked in Fig. 4 corresponds to the peak wavelength of each filter.
In our experimental work, we used the on-chip spectrometer to measure the NIR absorption spectra of xylene. The incident light is chopped at 200 Hz by a mechanical chopper. For practical applications, the FT-IR spectrometer is replaced by an AC-coupled PbS amplified photoconductive detector (PDA30G, Thorlabs) connected to an oscilloscope and is synchronized to the chopper frequency. The xylene sample is filled into a quartz flow cell with 1 mm light path and is placed before the filter array. Each measurement is averaged in 1 s to improve the signal-to-noise ratio. The transmitted power of the filters is calibrated based on the previous side band suppression method to obtain the spectroscopy information. Figure 5 shows the NIR absorption spectra measured by our on-chip spectrometer and the commercial FT-IR spectrometer. The main absorption peak from 1680 nm to 1702 nm and side peaks at 1745 nm and 1773 nm, which correspond to the first overtones of the aromatic C-H-stretching vibrations and the methyl vibrations in xylene [33] , are clearly resolved by our on-chip spectrometer and matches the FT-IR measurement results quantitatively.
In short, we have designed and experimentally demonstrated a 28-channel on-chip spectrometer at the NIR range based on an array of narrow-band plasmonic filters, providing FWHM around 10 nm and operation bandwidth over 270 nm. The onchip spectrometer has the advantages of ultra-compact size, high throughput if used with an IR camera, and high reliability as it is free of any moving mechanical component, which shows great potential for portable IR spectroscopy systems for a variety of future applications. 
